Introduction {#s01}
============

The olfactory epithelium is a pseudostratified epithelium composed of olfactory sensory neurons, glial-like supporting (or sustentacular) cells, basal cells, and microvillous cells, covered by a protective mucus layer composed of water, ions, and proteins secreted by Bowman's glands and supporting cells ([@bib46]; [@bib47]). Although most studies concentrated on the physiological role of olfactory sensory neurons, as they detect odorant molecules, very few investigated how the supporting cells contribute to the epithelium homeostasis.

Supporting cells have columnar cell bodies that form a monolayer at the apical surface of the olfactory epithelium and basal processes extending to the basal lamina. The apical side of these cells bears several microvilli immersed in the mucus layer intermingling with cilia of olfactory sensory neurons. Supporting cells are electrically coupled by gap junctions composed at least by connexin 43 and 45, creating a syncytium for the diffusion of Ca^2+^ and other signaling molecules throughout the epithelium ([@bib59]; [@bib72],[@bib73]).

These cells perform a large number of physiological functions. For example, they surround and provide structural support to olfactory sensory neurons, act as phagocytes of dead cells, and are involved in the metabolism of external compounds mediated by cytochrome P450 and other enzymes ([@bib9]; [@bib13]; [@bib70]; [@bib25]; [@bib42]; [@bib74]). Neurotrophic and neuromodulator molecules such as endocannabinoids, insulin, and ATP are produced by supporting cells ([@bib15]; [@bib39]; [@bib10]; [@bib28]). Moreover, they express metabotropic P2Y purinergic receptors, and stimulation with ATP induces Ca^2+^ signaling through the activation of a PLC-mediated cascade ([@bib31], [@bib32]; [@bib23]). Interestingly, several studies showed that ATP is involved in neuroprotection and neuroproliferation ([@bib27]; [@bib35], [@bib36]; [@bib34]). The mechanisms mediating the aforementioned functions are far from being completely elucidated.

Moreover, supporting cells have peculiar electrical properties and express several channels involved in the regulation of the ionic composition of the mucus layer at the apical surface of the olfactory epithelium, contributing to the maintenance of a balance between salts and water. For example, the amiloride-sensitive Na^+^ channel is highly expressed in microvilli of supporting cells ([@bib47]), and it has been suggested that the cystic fibrosis transmembrane conductance regulator Cl^−^ channel and members of the aquaporin water channel family are possibly located in these cells, although their localization has not been conclusively demonstrated ([@bib63]; [@bib1]; [@bib24]; [@bib43]; [@bib49]; [@bib54]).

We and others have recently shown that a relatively new discovered Ca^2+^-activated Cl^−^ channel, TMEM16A, is expressed in olfactory supporting cells ([@bib16]; [@bib44]; [@bib45]). Interestingly, we found that TMEM16A expression is limited to supporting cells from a specific region of the olfactory epithelium ([@bib44]), although others, while confirming TMEM16A expression in the supporting cells, did not mention any zonal expression of the channel ([@bib16]). For this reason, here, we first tried to define whether a zonal expression of TMEM16A can be observed in the olfactory epithelium. By using immunohistochemistry on WT and TMEM16A knock out (KO) mice, we found that TMEM16A is expressed both in the ventral and dorsal zones of the olfactory epithelium, although its expression is higher in the region near the transition zone with the respiratory epithelium than in the dorsal zone.

Because TMEM16A is expressed in supporting cells, is it also mediating Ca^2+^-activated Cl^−^ currents in these cells? To begin to address this question, we performed recordings in whole cells from mouse supporting cells after blocking gap junctions with 18β-glycyrrhetinic acid (18β-GA; [@bib17]) and recorded Ca^2+^-activated Cl^−^ currents in WT but not TMEM16A KO mice, showing that TMEM16A is necessary for the activation of this current in mouse olfactory supporting cells. TMEM16A controls fluid secretion in airway and intestine epithelia ([@bib65]; [@bib5], [@bib6]), suggesting that TMEM16A could play a similar role in supporting cells. Moreover, TMEM16A can modulate several aspects of Ca^2+^ homeostasis, consequently regulating different signaling cascades ([@bib38]; [@bib11]). What signaling pathway leads to the activation of TMEM16A-mediated currents in supporting cells? We found that stimulation of purinergic receptors with ATP activated a TMEM16A-dependent current.

In summary, TMEM16A can produce Ca^2+^-activated Cl^−^ currents in response to extracellular ATP in olfactory supporting cells. Finally, we picture and discuss the different scenarios of physiological functions of supporting cells and their chloride conductance.

Materials and methods {#s02}
=====================

Animals {#s03}
-------

Mice were handled in accordance with the guidelines of the Italian Animal Welfare Act and European Union guidelines on animal research under a protocol approved by the ethics committee of the International School for Advanced Studies. Postnatal days 0--4 (P0--P4) mice were decapitated before nose removal. Experiments were performed on tissues from C57BL/6 mice or from TMEM16A WT and TMEM16A KO littermate mice obtained by breeding heterozygous mice generated by [@bib64].

Immunohistochemistry {#s04}
--------------------

Coronal sections of the olfactory epithelium and immunohistochemistry were obtained as previously described ([@bib44]; [@bib45]). Briefly, the dissected nose was fixed in 4% paraformaldehyde PBS for 4 h at 4°C. Tissues were equilibrated overnight at 4°C in 30% (wt/vol) sucrose and then embedded in optimal cutting temperature compound (Bio-optica) and stored at −80°C. Coronal sections 12- to 14-µm thick were cut with a cryostat. Before using primary antibodies, sections were incubated in blocking solution (2% FBS \[vol/vol\] and 0.2% \[vol/vol\] Triton X-100 in PBS) for 90 min. Then, they were incubated with the primary antibody (diluted in the blocking solution) overnight at 4°C. The following primary antibodies (catalog number, dilution; company) were used: polyclonal goat anti-OMP (544--10001, 1:1,000; Wako Chemicals), mouse monoclonal acetylated tubulin (T7451, 1:100; Sigma), and rabbit polyclonal anti-TMEM16A (ab53212, 1:50; Abcam). Sections were then rinsed with 0.1% (vol/vol) Tween 20 in PBS (PBS-T) and incubated with the fluorophore-conjugated secondary antibody (diluted in PBS-T) for 2 h at room temperature. The following secondary antibodies were used: donkey anti-rabbit Alexa Fluor 488 (A-21206; Life Technologies), donkey anti-goat Alexa Fluor 594 (A-11058; Life Technologies), and donkey anti-mouse Alexa Fluor 594 (A-21203; Life Technologies). After washing with PBS-T, sections were treated with 0.1 µg/ml DAPI for 30 min, washed with PBS-T, and mounted with Vectashield (Vector Laboratories).

Immunoreactivity was visualized with a confocal microscope (TCS SP2; Leica). Images were acquired using Leica software (at 1,024 × 1,024--pixel resolution) and were not modified other than to balance brightness and contrast, unless otherwise specified. Nuclei were stained by DAPI. Control experiments without the primary antibodies gave no signal. In addition, negative control experiments for the localization of TMEM16A were performed in tissues from TMEM16A KO mice following the same protocol used in WT mice.

Preparation of acute slices of the olfactory epithelium {#s05}
-------------------------------------------------------

Acute coronal slices of the olfactory epithelium of P0--P4 mice were prepared with slight modifications of the methods previously described to obtain slices of the vomeronasal organ ([@bib68]; [@bib18]; [@bib55]; [@bib75]). P0--P4 mice are suitable for this study, because TMEM16A is already expressed in the olfactory epithelium at this age ([@bib44]; [@bib45]). The nose of a P0--P4 mouse was dissected en bloc and embedded in 3% Type I-A agarose prepared in artificial cerebrospinal fluid (ACSF) once the solution cooled to 38°C. ACSF contained (in mM) 120 NaCl, 25 NaHCO~3~, 5 KCl, 1 MgSO~4~, 1 CaCl~2~, 10 HEPES, and 10 glucose, pH 7.4, with NaOH. Coronal slices of 300-µm thickness were cut with a vibratome (Vibratome 1000 Plus Sectioning System) and kept in cold oxygenated ACSF until use.

Whole-cell recordings from supporting cells of the olfactory epithelium {#s06}
-----------------------------------------------------------------------

Slices were transferred to a recording chamber continuously perfused with oxygenated ACSF. Slices were viewed with an upright microscope (BX51WI; Olympus) equipped with infrared differential contrast optics, a camera (DFK 72BUC02; Imaging Source) and a 40× water-immersion objective with an additional 2× auxiliary lens. Extracellular solutions were exchanged or stimuli were delivered through an eight-in-one multibarrel perfusion pencil connected to a ValveLink8.2 pinch valve perfusion system (Automate Scientific).

Supporting cells were identified by their morphology, and whole-cell experiments were obtained by patching the apical part of supporting cells. Fluorescein (10 µg/ml) dissolved in the pipette solution diffused into the cell and allowed visualization under blue light of the fluorescence image of the cell ([Fig. 2 A](#fig2){ref-type="fig"}). Patch pipettes were pulled from borosilicate capillaries (WPI) with a Narishige PC-10 puller and had resistances of 3--5 MΩ when filled with intracellular solution. Electrophysiological recordings were obtained using a MultiClamp 700B amplifier controlled by Clampex 10.6 via a Digidata 1550B (Molecular Devices). Data were low-pass filtered at 2 kHz and sampled at 10 kHz. Experiments were performed at room temperature (20--25°C).

The extracellular Ringer's solution contained (in mM) 140 NaCl, 5 KCl, 2 CaCl~2~, 1 MgCl~2~, 10 HEPES, and 10 glucose, pH 7.4. For ionic selectivity experiments, NaCl in the extracellular Ringer's solution was omitted and 250 mM sucrose was added to maintain the osmolarity (sucrose Ringer's) or NaCl was replaced with equimolar NMDG-Cl (NMDG Ringer's). We used various intracellular solutions filling the patch pipette according to the type of experiment. For recordings of voltage-gated currents, the pipette solution contained (in mM): 145 KCl, 4 MgCl~2~, 11 EGTA, and 10 HEPES, adjusted to pH 7.2 with KOH. For recordings of Ca^2+^-activated currents, the intracellular solutions contained (in mM) 140 CsCl, 10 HEDTA, and 10 HEPES adjusted to pH 7.2 with CsOH, and no added Ca^2+^ for the nominally 0 Ca^2+^ solution or various added Ca^2+^ concentrations, as calculated with the program WinMAXC (C. Patton, Stanford University, Stanford, CA), to obtain free Ca^2+^ in the range between 0.5 and 3.8 µM ([@bib52]). 10 mM HEDTA had the best buffer efficacy in the desired range of free Ca^2+^ concentrations. We added 1.242, 3.209, or 5.806 mM CaCl~2~ to obtain 0.5, 1.5, or 3.8 µM free Ca^2+^, respectively, as described previously ([@bib56], [@bib57]; [@bib12]; [@bib7]; [@bib2]). The free Ca^2+^ concentrations were also experimentally determined by Fura-4F (Thermo Fisher Scientific) measurements by using an LS-50B luminescence spectrophotometer (PerkinElmer).

For recordings of ATP-activated currents, the pipette solution contained (in mM) 140 CsCl, 2 HEDTA, and 10 HEPES, adjusted to pH 7.2 with CsOH. I-V relations were measured using a ramp protocol from −80 mV to +80 mV at 0.16 mV/ms.

The bath was grounded via a 3 M KCl agar bridge connected to an Ag/AgCl reference electrode. Liquid junction potentials were calculated using pClamp 10.6 (based on [@bib4]), and the applied voltages were corrected offline for the following values (in mV) in the indicated bathing solutions: −4.7 in Ringer's solution, +7.9 in sucrose Ringer's solution, and −5.7 in NMDG Ringer's solution.

The following chemicals were prepared as stock solutions as indicated and diluted to the final concentration in the bathing solution on the day of the experiment: 100 mM 18β-GA in ethanol, 30 mM ATP in Ringer's solution, stored at −20°C; and 1 mM Ani9 in DMSO, stored at +4°C. The final concentration of 18β-GA was 20 µM as previously used by [@bib72],[@bib73]) to substantially reduce the resting leak conductance in olfactory supporting cells. At this concentration, 18β-GA is reported to block most of the gap-junction--mediated current in fibroblasts ([@bib17]). The final concentration of ATP was 30 µM, which is slightly higher than the concentration of 10 µM used by [@bib31] to activate P2Y receptors expressed in supporting cells and induce an intracellular Ca^2+^ increase. All chemicals were purchased from Sigma unless otherwise specified.

Confocal Ca^2+^ imaging {#s07}
-----------------------

Slices were loaded with 20 µM Cal-520AM (Santa Cruz Biotechnologies) for 90 min at room temperature in ACSF. The concentration of Cal-520AM required for cell loading in our slices was determined empirically after testing several dye working solutions from 10 to 20 µM, as suggested by the technical information sheet. To help dye uptake, Pluronic F-127 was added at final concentration of 0.2 mg/ml. After washing, the slices were kept in ACSF solution until use. Stock solution of Cal-520AM was prepared in DMSO at 2 mM and stored at −20°C. Pluronic F-127 was weekly dissolved in DMSO at 200 mg/ml concentration. A gravity-driven multivalve perfusion system (Automate Scientific) was used to deliver the stimuli.

An inverted Nikon A1R confocal microscope was used for data acquisition with a 60× oil-immersion objective (numerical aperture 1.3) using NIS Element software (Nikon). Cal-520 fluorescence was excited using a krypton-argon ion laser. To reduce dye bleaching and photodamage, only 1--4% of the laser power and a resonance scanning mirror was used. Fluorescence emission between 500 and 600 nm was captured using a variable band bass system. Data were recorded after averaging eight frames to get a final acquisition frequency of 0.23 Hz with 1,024 × 512--pixel resolution. Recordings were obtained 50--100 µm below the slice surface to avoid damaged cells.

Changes in fluorescence were measured in regions of interest drawn around a single supporting cell using ImageJ 1.51s (National Institutes of Health). Data are presented as normalized fluorescence changes, ΔF/F~0~ = (F(t) − F~0~)/F~0~, where F~0~ is the average of fluorescence intensity before the application of the first stimulus and F(t) is the fluorescence amplitude at time t. Further analysis and figures were made with IgorPro 6.3.7.2 (WaveMetrics). In some experiments, the reduction of fluorescence signal due to photobleaching was mathematically corrected using the exponential decay observed in nonresponding cells ([@bib71]). We considered a cell responsive if (a) there was no spontaneous activity; (b) after stimulation, ΔF/F~0~ was higher than the average of the prestimulus (10-s time window) plus three SDs for at least 3 s; and (c) there was no response to ACSF solution application.

Analysis of electrophysiological data {#s08}
-------------------------------------

IGOR Pro software (WaveMetrics) was used for data analysis and to produce the figures. All averaged data from individual experiments in different cells are presented as mean ± SEM and number of cells (n). Cells were obtained from at least three different WT or KO mice. In the box plot, horizontal lines represent the median, upper and lower box boundaries represent the 25th and 75th percentile, and upper and lower whiskers represent the 10th and 90th percentiles. Statistical analyses of normally distributed data (Jarque--Bera test) were performed using a *t* test, one-sample *t* test, or one-way ANOVA with Tukey test. For not normally distributed data, the Wilcoxon--Mann--Whitney *U* test and Kruskal--Wallis with Dunn--Holland--Wolfe test were used. P values of \<0.05 were considered statistically significant.

Results {#s09}
=======

TMEM16A expression in olfactory supporting cells {#s10}
------------------------------------------------

Considering that the physiological role of TMEM16A in olfactory supporting cells is unknown, we started studying the TMEM16A expression in the olfactory epithelium. We previously reported a not-uniform immunoreactivity for TMEM16A in the olfactory epithelium of postnatal mice ([@bib44]). Indeed, we found that TMEM16A is expressed only in the supporting cells in the ventral region of olfactory epithelium close to the respiratory epithelium. However, [@bib16] did not show this specific localization and instead found TMEM16A in supporting cells from all olfactory epithelium. For this reason, we first asked whether TMEM16A is specifically expressed only near the transition zone, and therefore has a physiological role only in that zone, or if it is also poorly expressed in other regions of the olfactory epithelium.

By immunohistochemistry, we confirmed previous results that TMEM16A is strongly expressed at the apical surface of the ventral region of the olfactory epithelium near the transition zone with the respiratory epithelium, but we also identified a weak staining for TMEM16A in the dorsal zone that could be revealed only by digital enhancement of the signal intensity ([Fig. 1, A--D](#fig1){ref-type="fig"}). We performed control experiments in the olfactory epithelium of TMEM16A KO mice following the same protocol and found no signal for TMEM16A, confirming the specificity of the immunostaining obtained in WT mice ([Fig. 1, C and D](#fig1){ref-type="fig"}). To visualize olfactory neurons, we used the olfactory marker protein, a typical marker for mature olfactory sensory neurons ([@bib37]), while the cilia of olfactory neurons were identified with acetylated tubulin, a canonical marker for cilia ([@bib58]). In both the transition and dorsal zones, TMEM16A was expressed at the apical surface of the olfactory epithelium of WT mice, and it did not overlap with the upper layer stained by acetylated tubulin, confirming that TMEM16A was not expressed in olfactory sensory neurons but was localized at the apical portion of supporting cells.

![**TMEM16A expression in the olfactory epithelium. (A)** Schematic drawing of a nose coronal section showing the olfactory epithelium, respiratory epithelium, and vomeronasal organ. **(B)** The olfactory epithelium is composed of supporting cells, olfactory sensory neurons, and basal cells. **(C and D)** Confocal micrographs of coronal sections of the olfactory epithelium from an area near the transition zone with the respiratory epithelium (C) or from the dorsal zone (D). The signal intensity in D was digitally enhanced to reveal a weak staining for TMEM16A. No immunoreactivity to TMEM16A was detectable at the apical surface of the olfactory epithelium in TMEM16A KO mice (C and D). Arrowhead in C indicates the transition from the olfactory to respiratory epithelium. Cell nuclei were stained by DAPI. OMP, olfactory marker protein.](JGP_201812310_Fig1){#fig1}

These results confirm and extend previous data showing that TMEM16A is highly expressed in the transition zone ([Fig. 1 C](#fig1){ref-type="fig"}), while it is poorly expressed in the dorsal zone ([Fig. 1 D](#fig1){ref-type="fig"}).

Ca^2+^-activated Cl^−^ currents in supporting cells of the mouse olfactory epithelium {#s11}
-------------------------------------------------------------------------------------

TMEM16A is a Ca^2+^-activated Cl^−^ channel, but currents caused by the activity of this channel have not yet been reported in olfactory supporting cells. Therefore, we performed electrophysiological experiments to investigate the presence of functional Ca^2+^-activated Cl^−^ channels in these cells.

First, we established the viability of obtaining electrophysiological recordings from supporting cells by measuring basic electrophysiological properties and voltage-gated currents. Whole-cell recordings were obtained from supporting cells at the apical surface of neonatal mouse olfactory epithelium slices. To visually identify cells, fluorescein was included in the intracellular solution filling the patch pipette and diffused inside the cell after rupturing the membrane to obtain the whole-cell configuration. The fluorescence image in [Fig. 2 A](#fig2){ref-type="fig"} reveals the typical morphology of a supporting cell, with the cell body located in the apical region and processes extending toward the basal part of the epithelium. In this study, we only analyzed recordings from supporting cells clearly identified by their morphology. Passive membrane properties in the presence of KCl in the pipette had the following values: mean resting potential, −41 ± 1 mV (*n* = 18); input resistance, 261 ± 88 MΩ (*n* = 11); and capacitance, 17 ± 1 pF (*n* = 17). Next, we investigated the presence of voltage-gated currents ([Fig. 2](#fig2){ref-type="fig"}). As supporting cells have very large leak currents (see [Fig. 2, D and E](#fig2){ref-type="fig"}), voltage-gated currents could only be revealed after subtraction of the leak currents using the P/4 protocol ([Fig. 2 B](#fig2){ref-type="fig"}). Voltage steps more positive than approximately −60 mV elicited transient inward currents followed by outward currents. Average I-V relations measured at the peak of the inward currents or at the end of the sustained outward currents ([Fig. 2 C](#fig2){ref-type="fig"}) are largely similar to those previously reported by [@bib72], who showed that inward and outward currents were mainly due to voltage-gated Na^+^ and K^+^ channels. Our results confirm the viability of electrophysiological recordings of supporting cells in our slice preparation.

![**Voltage-gated currents and leak currents in olfactory supporting cells**. **(A)** Fluorescence micrograph of a supporting cell filled with fluorescein through the patch pipette. **(B)** Representative whole-cell currents recorded using the voltage protocol indicated at the top of the panel. The holding potential was −110 mV, and voltage steps in 10-mV increments were applied up to +50 mV. Leak currents were subtracted using the P/4 protocol. **(C)** Plot of average ± SEM amplitudes of inward (black squares) and outward (green circles) currents versus the test potential (*n* = 3). **(D)** Representative whole-cell currents recorded from two different supporting cells in control condition (black traces) and after preincubation with 20 µM 18β-GA (green traces). The holding potential was 0 mV, and voltage steps from −80 mV to +80 mV with 20-mV increments were applied as indicated at the top of the panel. **(E)** Plot of average ± SEM current amplitudes measured at the end of voltage pulses versus the test potential from cells in control condition (white circles; *n* = 4) and after preincubation with 20 µM 18β-GA (green triangles; *n* = 17).](JGP_201812310_Fig2){#fig2}

Before measuring Ca^2+^-activated currents, we tested whether we could block the large leak conductance measured in the presence of nominally 0 Ca^2+^. Indeed, in extracellular Ringer's solution, the average current was −687 ± 206 pA at −80 mV and 3,678 ± 1,065 pA at +80 mV (*n* = 4), with an intracellular solution containing CsCl ([Fig. 2, D and E](#fig2){ref-type="fig"}). After pretreatment of slices for ∼1 h with 20 µM 18β-GA, a gap junction blocker, currents were significantly reduced to −174 ± 18 pA at −80 mV and 459 ± 54 pA at +80 mV (*n* = 17, P \< 0.001, unpaired Wilcoxon--Mann--Whitney *U* test; [Fig. 2, D and E](#fig2){ref-type="fig"}), confirming that 20 µM 18β-GA partially blocks the leak currents as previously reported ([@bib72],[@bib73]). Thus, all the subsequent experiments were performed with intracellular CsCl after pretreatment with 20 µM 18β-GA.

To establish whether a current could be activated by Ca^2+^ in supporting cells, we compared currents measured with intracellular solutions containing various Ca^2+^ concentrations ranging from nominally 0 to 3.8 µM Ca^2+^. Since we have previously shown that cells in the transition zone display a strong immunoreactivity for the Ca^2+^-activated Cl^−^ channel TMEM16A ([Fig. 1 C](#fig1){ref-type="fig"}), we first recorded from supporting cells located in this area.

[Fig. 3 A](#fig3){ref-type="fig"} shows currents in the presence of increasing \[Ca^2+^\]~i~. The activation of the current by voltage steps in the presence of 0.5 and 1.5 µM Ca^2+^ was time dependent, with an instantaneous component followed by relaxation ([Fig. 3 A](#fig3){ref-type="fig"}, red and blue traces). Indeed, at +80 mV, the instantaneous outward current was followed by a small additional outward relaxation, while at −80 mV, the instantaneous inward current was followed by a more pronounced relaxation toward less negative values. Moreover, when the voltage was stepped to −80 mV at the end of the protocol, deactivating inward tail currents were observed. I-V relations measured at the end of voltage pulses showed an outward rectification at 0.5 µM Ca^2+^ that became less pronounced as \[Ca^2+^\]~i~ increased ([Fig. 3, A and B](#fig3){ref-type="fig"}). The rectification index, calculated as the ratio between the current at +80 and −80 mV, decreased from 4.1 ± 0.3 (*n* = 5) at 0.5 µM Ca^2+^ to 1.24 ± 0.06 (*n* = 7) at 3.8 µM ([Fig. 3 C](#fig3){ref-type="fig"}; P \< 0.001, Dunn--Holland--Wolfe test).

![**Ca^2+^-activated Cl^−^ currents in supporting cells from a region of the olfactory epithelium near the transition zone with the respiratory epithelium. (A)** Representative whole-cell currents recorded from different supporting cells with pipette solutions containing the indicated \[Ca^2+^\]~i~. The holding potential was 0 mV, and voltage steps from −80 mV to +80 mV with 20-mV increments, followed by a step to −80 mV, were applied as indicated at the top of the panel. **(B)** Average ± SEM of steady-state I-V relations in the presence of the following \[Ca^2+^\]~i~: nominally 0 (*n* = 17), 0.5 µM (*n* = 5), 1.5 µM (*n* = 33), and 3.8 µM (*n* = 7). **(C)** Average ± SEM of ratios between the currents measured at +80 and −80 mV at different \[Ca^2+^\]~i~ from the same experiments shown in B (\*\*, P \< 0.01; \*\*\*, P \< 0.001, Dunn--Holland--Wolfe test after Kruskal--Wallis test). **(D)** Comparison of dose--responses at +80 and −80 mV, from the same experiments shown in B, fitted to the Hill equation ([Eq. 1](#e1){ref-type="disp-formula"}). The error bars indicate SEM. **(E and F)** Representative whole-cell currents recorded with pipette solution containing 1.5 µM Ca^2+^. **(E and G)** Extracellular ion concentrations were modified by replacing 140 mM NaCl in the Ringer's solution with sucrose, reducing the extracellular \[Cl^−^\] to the indicated concentrations (E) or with NMDG-Cl (G). **(F--H)** Current amplitudes measured at the end of voltage pulses versus the test potential from the cells shown respectively in E--G.](JGP_201812310_Fig3){#fig3}

Dose--response relations were evaluated at +80 and −80 mV. The average current at +80 mV in the presence of nominally 0 Ca^2+^ (residual leak current, I~L~) was 459 ± 54 pA (*n* = 17), while 0.5 µM Ca^2+^ elicited comparatively larger currents (1,151 ± 192 pA, *n* = 5). Further increases of \[Ca^2+^\]~i~ produced currents of higher amplitudes, reaching an average of 2,268 ± 137 pA (*n* = 33) with 1.5 µM Ca^2+^ and 2,328 ± 296 pA (*n* = 7) with 3.8 µM Ca^2+^ ([Fig. 3 D](#fig3){ref-type="fig"}). The average current amplitudes were plotted versus \[Ca^2+^\]~i~ and fit at each voltage by the Hill equation:$$I = I_{L~} + ~(I_{\max~} - I_{L~}){\lbrack{Ca}^{2 +}\rbrack}_{i}^{n_{H}}/({\lbrack{Ca}^{2 +}\rbrack}_{i}^{n_{H}} + K_{1/2}^{n_{H}}),$$where *I* is the current, $I_{L~}$is the residual leak current in the presence of nominally 0 Ca^2+^, $I_{\max~}~$is the maximal current, *K*~1/2~ is the half-maximal \[Ca^2+^\]~i~, and n~H~ is the Hill coefficient. The Hill coefficient had the same value of 2.5 at both voltages, while *K*~1/2~ decreased with membrane depolarization from 1.5 µM at −80 mV to 0.6 µM at +80 mV ([Fig. 3 D](#fig3){ref-type="fig"}), indicating that the Ca^2+^ sensitivity is slightly voltage dependent.

The ionic selectivity was evaluated by replacing NaCl in the extracellular Ringer's solution with sucrose or NMDG-Cl ([Fig. 3, E--H](#fig3){ref-type="fig"}). In the presence of low extracellular Cl^−^, the reversal potential of the Ca^2+^-activated current shifted toward positive values, as expected for Cl^−^-selective channels in our ionic conditions, with an average shift of reversal potential of 40 ± 4 mV (*n* = 7). When NaCl was replaced with NMDG-Cl, a very small shift of the reversal potential of 4.2 ± 0.2 mV (*n* = 4) was measured, confirming the Cl^−^ selectivity of these channels.

Altogether, the time dependence of current activation by voltage, change of rectification of the I-V relation depending on \[Ca^2+^\]~i~, voltage dependence of Ca^2+^ sensitivity, and Cl^−^ selectivity are typical hallmarks of Ca^2+^-activated Cl^−^ channels ([@bib33]; [@bib53]), suggesting that these channels may be responsible for the measured currents.

As we have shown that a weak immunoreactivity for TMEM16A was also present in supporting cells from the dorsal zone of the olfactory epithelium ([Fig. 1 D](#fig1){ref-type="fig"}), we also performed electrophysiological recordings in this zone ([Fig. 4](#fig4){ref-type="fig"}). The typical features of Ca^2+^-activated Cl^−^ currents were present in several cells (represented by colored traces; [Fig. 4, A and B](#fig4){ref-type="fig"}) but absent in other cells (gray traces). We estimated that in the presence of 1.5 µM Ca^2+^~,~ ∼65% of the measured supporting cells (16 out of 24) from the dorsal zone had a Ca^2+^-activated current, although its amplitude was significantly smaller than that measured in cells from the transition zone ([Fig. 4 C](#fig4){ref-type="fig"}; Tukey test after one way ANOVA), confirming the lower expression of TMEM16A observed in immunohistochemistry.

![**Ca^2+^-activated chloride current in supporting cells from the dorsal zone of the olfactory epithelium. (A)** Representative whole-cell currents recorded from different supporting cells from the dorsal zone with pipette solutions containing the indicated \[Ca^2+^\]. The holding potential was 0 mV, and voltage steps from −80 mV to +80 mV with 20-mV increments, followed by a step to −80 mV, were applied as shown in the top panel of [Fig. 3 A](#fig3){ref-type="fig"}. **(B)** Average ± SEM of steady-state I-V relations in the presence of the following \[Ca^2+^\]~i~: nominally 0 (*n* = 9), 0.5 µM (*n* = 9), 1.5 µM (*n* = 16), and 3.8 µM (*n* = 4). **(C)** Scatter dot plot with average ± SEM showing current amplitudes measured at −80 and +80 mV with the indicated \[Ca^2+^\]~i~ in the dorsal zone (DZ) or transition zone (TZ). Number of cells indicated in the legends of [Fig. 3 B](#fig3){ref-type="fig"} or [4 B](#fig4){ref-type="fig"} for the TZ or DZ, respectively. \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001; Tukey test after one way ANOVA. **(D)** Comparison of dose--responses at +80 and −80 mV, from the same experiments shown in B, fitted to the Hill equation ([Eq. 1](#e1){ref-type="disp-formula"}). The error bars indicate SEM. **(E)** Representative whole-cell currents recorded with pipette solution containing 1.5 µM Ca^2+^. Extracellular ion concentrations were modified by replacing 140 mM NaCl in the Ringer's solution with sucrose, reducing the extracellular \[Cl^−^\] to the indicated concentrations. **(F)** Current amplitudes measured at the end of voltage pulses versus the test potential from the cell shown in E.](JGP_201812310_Fig4){#fig4}

Furthermore, the fit of dose--response relations measured in the dorsal zone yielded Hill coefficient values of 2.8 at −80 mV and 2.7 at +80 mV, while *K*~1/2~ decreased with membrane depolarization from 1.2 µM at −80 mV to 0.7 µM at +80 mV ([Fig. 4 D](#fig4){ref-type="fig"}), similar to values obtained from supporting cells in the transition zone. The average shift of reversal potential upon reduction of extracellular Cl^−^ by replacement of NaCl with sucrose was +41 ± 4 mV (*n* = 6), indicating a higher permeability for Cl^−^ than for Na^+^ ([Fig. 4, E and F](#fig4){ref-type="fig"}).

Altogether, these results indicate that although the dorsal zone has on average a lower Ca^2+^-activated Cl^−^ current compared with the transition zone, the biophysical properties of the channels are the same.

To measure the extracellular pharmacological block of Ca^2+^-activated Cl^−^ currents, we tested Ani9, a recently identified potent selective blocker for TMEM16A ([@bib67]). Indeed, it has been shown that 1 µM Ani9 does not significantly affect TMEM16B channel activity while it almost completely blocks TMEM16A-mediated currents ([@bib67]). [Fig. 5 (A--C)](#fig5){ref-type="fig"} shows that 1 µM Ani9 reduced current amplitudes activated by 1.5 µM Ca^2+^ of 62 ± 3% at +80 mV and 61 ± 3% at −80 mV (*n* = 10, P \< 0.001, one-sample *t* test), inducing a significant block of the current. The blockage by Ani9 supports the hypothesis that TMEM16A mediates the measured Ca^2+^-activated Cl^−^ currents.

![**Ca^2+^-activated currents in supporting cells are blocked by the TMEM16A inhibitor Ani9. (A)** Representative whole-cell recordings obtained with an intracellular solution containing 1.5 µM Ca^2+^ (voltage protocol as in [Fig. 3 A](#fig3){ref-type="fig"}). The cell was exposed to Ringer's solution (black) and 1 µM Ani9 (green) and washed in Ringer's solution (gray). **(B)** I-V relationships measured at the end of the voltage steps from the recordings shown in A. **(C)** Scatter dot plot with average ± SEM of the percentage of current inhibition measured at −80 and +80 mV (*n* = 11).](JGP_201812310_Fig5){#fig5}

To determine the contribution of TMEM16A to Ca^2+^-activated Cl^−^ currents in supporting cells, we compared currents from WT and TMEM16A KO mice ([@bib64]). [Fig. 6 A](#fig6){ref-type="fig"} shows the comparison between representative recordings from supporting cells from WT (black and blue traces) or TMEM16A KO (orange and red traces) mice. Current amplitudes in the presence of 1.5 µM Ca^2+^ from TMEM16A KO mice (red) were not significantly different from currents measured in the absence of Ca^2+^ (orange; P \> 0.05, Tukey test after one-way ANOVA; [Fig. 6 B](#fig6){ref-type="fig"}), showing the absence of Ca^2+^-activated currents in TMEM16A KO mice. The same experiments were performed also in supporting cells in the dorsal zone and yielded similar results. These data demonstrate that TMEM16A is a necessary component of the Ca^2+^-activated Cl^−^ currents in supporting cells of the olfactory epithelium.

![**Lack of Ca^2+^-activated currents in supporting cells from TMEM16A KO mice. (A)** Representative whole-cell recordings obtained with pipette solutions containing 0 or 1.5 µM Ca^2+^, as indicated. The voltage protocol is reported at the top of the panel. **(B)** Scatter dot plot with average ± SEM showing current amplitudes measured at −80 and +80 mV in the presence of the following \[Ca^2+^\]~i~: for WT mice nominally 0 (*n* = 17), 1.5 µM (*n* = 33) or for TMEM16A KO mice nominally 0 (*n* = 10), 1.5 µM (*n* = 16). \*\*\*, P \< 0.001, Tukey test after one-way ANOVA. Recordings were obtained from supporting cells located close to the transition zone with the respiratory epithelium.](JGP_201812310_Fig6){#fig6}

ATP activates TMEM16A-dependent currents in supporting cells {#s12}
------------------------------------------------------------

As extracellular ATP elicits a transient increase in intracellular Ca^2+^ through activation of G-protein--coupled P2Y receptors and Ca^2+^ release from intracellular stores in olfactory supporting cells ([@bib14]; [@bib26]; [@bib32]), we hypothesized that ATP stimulation could activate a Ca^2+^-activated Cl^−^ current in these cells. Therefore, we first used confocal Ca^2+^ imaging to determine if ATP could elicit an increase in intracellular Ca^2+^ in our experimental conditions. [Fig. 7 (A and B)](#fig7){ref-type="fig"} shows that 30 µM ATP induced a significant transient increase of the intracellular Ca^2+^ concentration that returned to baseline level after several seconds in three selected supporting cells. Recordings from several slices showed that 95% of the supporting cells (80 of 84 cells from four slices) responded to ATP stimulation with a transient increase of intracellular Ca^2+^.

![**ATP stimulation induces an increase of \[Ca^2+^\]~i~ in supporting cells. (A)** Representative sequences of confocal images in pseudocolor from a slice of the olfactory epithelium loaded with Cal520-AM before (1), at the peak (2), and after (3) the response activated by application of 30 μM ATP for 10 s. **(B)** Ca^2+^ transients recorded in the cells highlighted in A responding to 30 µM ATP stimulation. Time points indicated by arrows correspond to frame numbers in A.](JGP_201812310_Fig7){#fig7}

Next, we used whole-cell recordings to test whether the Ca^2+^ increase induced by ATP stimulation could activate Ca^2+^-activated Cl^−^ channels in supporting cells. We lowered the intracellular concentration of HEDTA from 10 to 2 mM to reduce Ca^2+^ buffering that could decrease the intracellular Ca^2+^ increase. 30 µM ATP at the holding potential of −80 mV induced large inward currents that slowly recovered to baseline ([Fig. 8 A](#fig8){ref-type="fig"}, black trace). The I-V relation measured close to the peak of the response to ATP ([Fig. 8 B](#fig8){ref-type="fig"}, indicated as b) showed an outward rectification, resembling the outward rectification of the Ca^2+^-activated Cl^−^ current measured in the presence of 1.5 µM Ca^2+^ ([Fig. 3 B](#fig3){ref-type="fig"}).

![**ATP activates a TMEM16A-dependent current in supporting cells**. **(A)** Whole-cell currents activated by 30 µM ATP from supporting cells located close to the transition zone with the respiratory epithelium from WT (black trace) or TMEM16A KO (orange trace) mice. ATP was applied for the time indicated in the upper trace. The holding potential was −80 mV, and voltage ramps from −80 to +80 mV before (a), during (b), and after (c) the ATP response were used to measure the I-V relations. **(B)** I-V relations from the WT cell shown in A. The green trace (sub) was obtained by subtracting the average between traces a and c from the trace in the presence of ATP (b). **(C)** Scatter dot plot and box plot showing the peak amplitude of ATP-activated currents measured at −80 mV in WT (*n* = 28) or TMEM16A KO mice (*n* = 16). \*\*\*, P \< 0.001, Wilcoxon--Mann--Whitney *U* test.](JGP_201812310_Fig8){#fig8}

To determine the contribution of TMEM16A to the ATP-induced current, we recorded responses to ATP in supporting cells from TMEM16A KO mice ([Fig. 8 A](#fig8){ref-type="fig"}, orange trace). Our experiments show that the average peak inward current induced by ATP in WT mice at −80 mV (−438 ± 94 pA, *n* = 28) was significantly reduced (−6 ± 10 pA, *n* = 16, Wilcoxon--Mann--Whitney *U* test) in TMEM16A KO mice ([Fig. 8 C](#fig8){ref-type="fig"}).

These results indicate that the transient Ca^2+^ increase elicited by 30 µM ATP activates a TMEM16A-dependent current in supporting cells of the olfactory epithelium.

Discussion {#s13}
==========

Our results provide the first demonstration that supporting cells of the mouse olfactory epithelium have functional Ca^2+^-activated Cl^−^ channels that can be activated by purinergic stimulation producing large Cl^−^ currents. Recordings from TMEM16A KO mice show that TMEM16A is a necessary component of the Ca^2+^-activated Cl^−^ currents in olfactory supporting cells.

An important preliminary step to understand the possible physiological roles of TMEM16A in supporting cells is to estimate equilibrium potential for Cl^−^ (E~Cl~) to determine the direction of the Cl^−^ flux. The apical part of supporting cells and their microvilli are immersed in the mucus ([@bib46]; [@bib47]). The concentrations of various ions in the olfactory mucus, dendritic knobs of sensory neurons, and cytosol of supporting cells from rats have been measured by [@bib61] using energy-dispersive x-ray microanalysis. They reported that the average concentration of Cl^−^ was 55 ± 11 mM in the mucus and 32 ± 12 mM in the cytosol of supporting cells ([@bib61]). Thus, we estimated E~Cl~ at the apical part of supporting cells, where TMEM16A is localized, assuming that (1) the values of Cl^−^ concentrations in mouse are the same of those measured in rats and (2) the Cl^−^ concentration at the apical part of supporting cells and at the proximal part of their microvilli is the same as that in the cytosol. In these conditions, we obtained a value for E~Cl~ of −14 mV (at room temperature 20--25°C). Taking into account that we measured an average value for resting membrane potential of supporting cells of −41 ± 1 mV (that is in agreement with previously measured values in the range between −50 mV and −30 mV; [@bib72]), the calculated electrochemical driving force for Cl^−^ is −27 mV. Thus, the opening of TMEM16A Cl^−^ channels by Ca^2+^ at the apical part of supporting cells causes an efflux of Cl^−^, contributing to control Cl^−^ homeostasis and dynamics in the mucus covering the olfactory epithelium.

The mucus composition is fundamental to maintain the ionic environment necessary for olfactory transduction. Indeed, the binding of odorant molecules to odorant receptors in the cilia of olfactory sensory neurons leads to a transduction cascade that includes the activation of CNG channels and the Ca^2+^-activated Cl^−^ channels TMEM16B, whose function depends on the Cl^−^ electrochemical gradient between the mucus and the intraciliary compartment ([@bib57]; [@bib69]; [@bib8]; [@bib55]; [@bib19]; [@bib50]; [@bib40]; [@bib76]; [@bib60]). Thus, the Cl^−^ concentration regulated by TMEM16A would affect the TMEM16B-mediated current, modifying the odorant response of the olfactory sensory neurons.

[@bib29] have shown that TMEM16A in epithelial cells is necessary to control the cytoplasmic Cl^−^ concentration and that an adequate level of Cl^−^ is necessary for proper endocytic trafficking. In olfactory supporting cells, xenobiotic-metabolizing enzymes are localized in the intracellular compartments, and therefore, the engulfing of xenobiotics is a required step for their detoxification ([@bib42]; [@bib77]; [@bib3]). It is of interest to note that some toxic chemicals, such as dichlobenil and methyl iodide, have a more severe noxious effect in the dorsal portion of the olfactory epithelium, where TMEM16A is less expressed ([@bib62]; [@bib21]). Moreover, the endocytosis activity in supporting cells is massively increased by stimulation with acetylcholine via the activation of M3 muscarinic receptors, generating an increase of intracellular Ca^2+^ concentration that could activate the TMEM16A-mediated current ([@bib32]; [@bib51]; [@bib22]). The most likely sources of acetylcholine are the microvillous cells, a still poorly understood population of cells that respond to high odorant concentrations and xenobiotic chemicals ([@bib41]; [@bib48]; [@bib51]; [@bib22]). In this scenario, the interplay between the acetylcholine response and regulation of Cl^−^ homeostasis by TMEM16A could regulate the endocytosis and the subsequent xenobiotic detoxification mediated by supporting cells.

Another role of TMEM16A could be the modulation of the purinergic signaling. Supporting cells express metabotropic purinergic P2Y receptors, and extracellular ATP can induce Ca^2+^ release from intracellular stores ([@bib23]; [@bib14]; [@bib26]; [@bib32]). Here, we have shown that ATP produces an intracellular Ca^2+^ increase sufficient to activate the Ca^2+^-activated Cl^−^ currents mediated by TMEM16A. [@bib28] reported evidence that ATP is released both through constitutive and evoked release in the olfactory epithelium of neonatal mice. Moreover, the olfactory epithelium receives extensive innervation by various branches of trigeminal nerves ([@bib20]; [@bib66]), and these fibers could release ATP through axonal reflex. Interestingly, TMEM16A can amplify the ATP-mediated Ca^2+^ signal by interacting directly with the IP~3~R on the ER membrane ([@bib11]). Therefore, we can speculate that TMEM16A could be involved in the cascade of the ATP transduction pathway in the olfactory epithelium. In particular, ATP modulates the neuroproliferation partially by the increase of NPY expression in supporting cells ([@bib26]; [@bib35]; [@bib34]). It has been also proposed that ATP could have a neuroprotective function by mediating the expression of HSP25 in supporting cells upon exposure to high odorant concentrations ([@bib30]).

Conclusions {#s14}
-----------

In summary, our data provide a definitive demonstration that TMEM16A-mediated currents are functional in olfactory supporting cells and provide a foundation for future work investigating the precise physiological role of TMEM16A, possibly using conditional KO mice for TMEM16A, as the constitutive TMEM16A knockout mice used in our study die soon after birth.
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